Visualization plays an effective role in the establishment of a new combustion concept by helping to find the optimal results quickly among many different parameters and contributing to a shorter development period. Laser-induced fluorescence, Raman scattering and infrared absorption were used to measure the air/fuel ratio quantitatively in a third-generation directinjection gasoline (DIG) engine with a spray-guided mixture formation process and comparisons were made with the mixture formation concepts of the first-and second-generation DIG engines. The optimum combination of fuel spray, gas flow and combustion chamber configuration was found to be different for the three generations of DIG engines. The characteristics of the stable combustion region for obtaining higher thermal efficiency and cleaner exhaust emissions differed among the three mixture formation concepts.
Quantitative Analysis of Mixture Preparation Processes in New
Direct-Injection Spark Ignition Engines
Introduction
One method of improving the thermal efficiency of internal combustion engines is to apply a lean combustion process, an ultimate form of which is stratified-charge combustion. With stratified-charge combustion, a combustible mixture is prepared only in the vicinity of the spark plug under low engine loads to accomplish combustion and obtain torque reliably even if the air-fuel ratio in the region near the inlet valves is leaner than 40:1. This combustion concept has already been incorporated in engines used on production vehicles offered by several manufacturers in Japan (1) - (3) and it contributes to reducing atmospheric emissions of carbon dioxide (CO 2 ) in city driving.
The preparation of a stratified mixture in a specified area of the combustion chamber within a limited time interval requires an optimum combination of three factors, i.e., gas flow, fuel spray and combustion chamber configuration, which are three important elements of this combustion concept. Visualization or quantitative measurement of the mixture formation process in the combustion chamber is a very effective way to investigate the optimum combination, and such techniques are also effective in shortening the development period for optimizing the combustion concept.
It is said that three generations of direct-injection gasoline (DIG) engines have been developed so far. A wall-guided mixture formation process was used in the first-generation engines manufactured in Japan. At the present time, second-generation DIG engines using an airguided process have been commercialized both in Japan and overseas (4) and third-generation engines with a sprayguided concept (5) are now on the verge of being released. This study focused in particular on the third generation of DIG engines and the essential aspects of the spray-guided concept were made clear by applying quantitative methods of measuring the mixture concentration. Differences between the spray-guided process and the earlier concepts were also made clear. In short, stratified charge combustion involves localized mixture formation, and tracing the mixture behavior in the formation process is indispensable to determining the best way of accomplishing the combustion concept. Figure 1 shows the overview of three formation concepts, so-called wall, air and spray guided concept and today's information about the charge in market.
In this study, a comparative analysis, albeit qualita- Fig. 1 Overview of three mixture formation concepts tive, was made of the fuel spray and mixture formation process of the first-generation wall-guided concept and the second-generation air-guided concept, based on the use of a swirl fuel injector producing high fuel pressure of around 7 MPa. Laser-induced fluorescence (LIF) was used to obtain 2-D visualizations of the mixture formation process, and particle image velocimetry (PIV) was employed to visualize in-cylinder flow fields quantitatively. In addition, changes in the air-fuel ratio in the vicinity of the spark plug gap were measured continuously by means of an infrared absorption technique developed in-house at Nissan as an onboard measurement method. Based on those results, a quantitative analysis was made of the stable combustion region, defined by the ignition timing and fuel injection timing, which is the most important aspect of mixture formation with the third-generation spray-guided concept. The conditions essential to the viability of this concept were made clear by using LIF to obtain highly accurate, quantitative measurements that were then verified by Raman scattering method.
Laser-Based Measurement Methods
During the 1990s, various companies proposed different lean-burn combustion concepts or lean-burn engines developed by the application of laser Doppler Velocimetry (LDV) and PIV to measure the in-cylinder gas flow (6) . Moreover, in the latter half of the 1990s, different manufacturers and universities proposed various methods of obtaining 2-D visualizations of the mixture concentration field needed to accomplish stratified-charge combustion in DIG engines (7) . Underlying that work was the knowledge acquired concerning the self-quenching effect due to concentration of dopant and the effect of quenching by oxygen in connection with the use of LIF as a non-contact measurement technique to capture the mixture concentration under the constantly changing high temperatures and high pressures present in an engine. Furthermore, an understanding was gained of the various effects on fluorescent intensity due to the latent heat of vaporization and the residual gas temperature, owing to the use of direct injection. It became clear that such influences had to be considered in order to discuss mixture concentration fields quantitatively. However, by its very nature, LIF only captures fluorescence from the fuel, and the LIF signal does not contain any information about the air concentration. That essentially makes it difficult to talk about the true A/F ratio on the basis of LIF measurements.
Raman scattering, on the other hand, facilitates measurement of the concentrations of oxygen, nitrogen, fuel, water and other molecules displaying definite Raman scattering characteristics in the space where combustion is taking place. Although this method involves the use of a complicated optical system, measurements do not depend on the wavelength of the incident light (8) . However, because of the faint intensity of the signal light, 2-D measurements obtained by Raman scattering are insufficient for discussions of accuracy. In this study, therefore, LIF measurements were made in a specified point region (minute surface region) irradiated by a laser beam that traced the plane visualized by LIF and various corrections were made to the data. The measured results thus obtained by LIF were then verified by Raman scattering method.
A schematic diagram of the engine system used for laser-based measurements is shown in Fig. 3 , and the basic configuration of the combustion chamber is shown in Fig. 2 . The light source used in the measurement system in Fig. 3 was an Excimer laser producing an output of 400 mJ. A CCD camera with 1 280 × 1 024 pixels and fitted with an image intensifier was used as the visualization device. The main specifications of the test engine are given in Table 1 . The same light source, optical system and test engine were used for both LIF and Raman scattering, with interchanging of the CCD camera and a spectrometer. The values used for the faint light signal of Raman scattering were integrated for 200 cycles of operation. In the case of LIF, the averaged values of 50 cycles were used. The compared measurement space was a specified pixel region of the small area in which the mixture was relatively present in the combustion chamber. The additive Table 1 Main specifications of test engine used for quantitative LIF is switched shown in the square of Fig. 3 . Fluorescent of Dimethyl-anilin as an additive is strong enough and used for quantitative LIF and Toluene is used for quantitative LIF because its strength is week and overlap with Raman signal is harmless.
DIG Engines
In Japanese vehicle manufacturers began to put DIG engines on the market in 1996. The mixture formation concept incorporated in the first-generation DIG engines at that time was the wall-guided process. Mitsubishi's wall-guided process using tumble flow had an inverted intake port, and this wall-guided system was generally referred to as GDI (gasoline direct injection). A swirl fuel injector that produced fuel pressure of 5 MPa was used, and a bowl-shaped cavity was provided in the piston crown directly below the intake valve. Toyota and Nissan DIG engines also adopted the wall-guided concept. One strong point of the wall-guided process is that it transports the fuel spray reliably to the vicinity of the spark plug. The gas flow makes use of swirl, and all three companies initially employed a swirl fuel injector to discharge the spray. However, Toyota later adopted a compressed spray pattern, called a fan spray, without any intensification of swirl. That resulted from concerted efforts to create a mixture cloud with a uniform concentration, and numerical calculations were also introduced into fuel spray analysis (9) . It might be better be called pure wall-guided concept.
In contrast to those first-generation DIG engines, in the middle of 2001 Honda released a new information of a DIG engine with the wall-guided process and central injection (10) . The engine was designed with a swirl fuel injector provided directly above the pent-roof combustion chamber. Compared with the first-generation process, what advantages or issues does this different wall-guided system or the air-guided concept have? Figure 4 illustrates the three factors of stratified-charge combustion, namely, the fuel spray, gas flow and combustion chamber configuration, and indicates the roles each one plays in double or triple overlapping regions (11) . Although all three circles are drawn in the same size, the respective roles played by each factor in the three generations of mixture formation concepts are not the same, as can be understood from the name of each process. The roles of double and triple overlapping arias among them are shown above the arrows.
Additionally, the significance of the triple overlapping region is that the viability of charge stratification depends solely on the optimum combination of these three factors. In other words, the preparation of a stratified mixture is a very difficult issue that requires a thoroughgoing effort to combine these factors in exactly the right way. It should be noted that engines with a pure spray-guided process have yet to be commercialized.
Measurement of Mixture Concentration Fields by LIF and Infrared Absorption
This section describes the characteristics of the wallguided and air-guided concepts based on direct and continuous measurements of the mixture formation process obtained by infrared absorption method. A schematic diagram of the experimental apparatus (12) used for infrared absorption is shown in Fig. 5 , and examples of the experimental results obtained are given in Figs. 6 and 7 (12) . In the middle of Fig. 6 shows that, in the case of the wallguided process, a suitable mixture forms after a certain interval has elapsed following the end of injection. That interval is used for evaporation of the fuel spray and mixing with the air. The mixture concentration varies cycle-to-cycle, and the average concentration is leaner and varies more with an earlier injection timing. This is attributed to greater mixing with the air as the transport path of the fuel spray via the piston crown to the spark plug becomes longer. In other words, if air-fuel mixing is excessively promoted, it increases the cycle-to-cycle variation of mixture concentration. In contrast, for example, at a crank angle of 40
• before top dead center (BTDC) in lower part of Fig. 6 , corresponding to the ignition timing, the airfuel ratio is slightly richer than a stoichio-metric mixture.
The results of the LIF measurement made simultaneously clearly show the stratification process of the mixture. The 1.30 µm diode laser in Fig. 5 produces infrared light that is not absorbed by the fuel and is used as a reference signal for judging a reduction of light due to the presence of fuel droplets in the measured optical path or to stain on the glass surface, thereby facilitating reliable judgment of absorption by the mixture.
In the case of the air-guided mixture formation in In other words, it can be judged from the non-absorbed light wavelengths measured simultaneously that the excessively rich mixture seen initially is due to the presence of fuel droplets. This indicates that an issue for the secondgeneration air-guided concept is the question of how to prepare droplet-free fuel spray in the vicinity of the spark plug. For this concept to be viable, atomization of the fuel spray and its reliable transport by the in-cylinder gas flow to the spark plug must be accomplished. For that purpose, strong in-cylinder gas flow is needed, and an axially asymmetric spray can be expected to be effective in directing the mixture toward the spark plug. Outside of figure, the flow field indicates the existence of the strong tumble flow till the end of compression. Its role is the carriage of the spray to the vicinity of the spark plug.
With regard to the spray-guided process of thirdgeneration DIG engines, the most important issue of this concept does not lie in ignition of the fuel spray either, but in ignition of the mixture. The requirement in this regard is even stronger than in the case of the air-guided process. A related point here concerns the location of the fuel injector. In the first-and second-generation mixture formation concepts, the injector is located below the intake port, where the temperature is relatively stable and lower. However, if this layout is adopted for the spray-guided process, the distance to the spark plug becomes longer. That makes it more remote from the configuration required for the sprayguided concept, which is originally aimed at preparation of the spray as a reliable supply source of the mixture to be ignited by spark ignition and burned. Therefore, the Fig. 7 Air-guided mixture formation process basic layout for this concept is to position the fuel injector and the spark plug near the center of the combustion chamber. With this layout that puts both of them in the center, it becomes more difficult to cool hot parts, and certain problems stemming that difficulty must be avoided, such as soot collection on the spark plug and injector fuel coking. Accordingly, there are strict requirements for the injector construction. In terms of the fuel performance, an especially key factor for the determination of the combustion concept is the preparation of the gaseous phase of the fuel spray. Therefore, in the spray-guided process the fuel pressure is set higher at 20 MPa and a multi-hole injector is used to minimize changes in the fuel spray configuration due to background pressure change.
A contact measurement method like infrared absorption cannot be applied to the spray-guided concept. It was concluded that a intrusive method like LIF would be more effective for measuring the fuel spray, which has high localized concentrations and may also be present in the liquid phase in places. Therefore, a method was developed for visualizing concentration fields quantitatively by LIF. This approach was taken in view of two aspects. One concerns the effect on the fluorescent intensity of a local decline in temperature due to latent heat in local areas where gaseous-phase mixture is present, or stated in reverse, the in-homogeneity of the air concentration. That results in the pressure dependence of fluorescence, i.e., the effect of quenching by oxygen. The other aspect concerns verification of the LIF results in connection with the use of a visualization system that requires compensation for compression leakage and consideration of the associated quenching effects. Accordingly, the results obtained after making various theoretical corrections to the data measured by LIF were then verified on the basis of Raman scattering that provides a method of measuring absolute values.
Comparison of Raman Scattering and LIF
Raman scattering is a method of obtaining the intensity of scattered light corresponding to the concentrations of stable molecules. This is accomplished by the change in the vibrational or rotational state of the molecules themselves corresponding to the incident wavelength (photon energy), while avoiding interference with the strong incident wavelength, i.e., Rayleigh line, by making use of slight changes in the incident energy level. In general, Raman scattered light on the stronger Stokes side is used in this method. From the space into which the energy is injected, the scattered light of specific coexistent molecules present simultaneously can be obtained respectively as light at different wavelengths on the basis of a single Rayleigh line. While the principle is clear, the challenge is to obtain signals with a good signal-to-noise (SN) ratio for light that is markedly weaker than Rayleigh light (wavelength of 248 nm from Kr-F Excimer Laser). That difficulty can be surmounted using various types of optical filters, among other means. Figure 8 shows the Raman scattered light intensities measured for molecules of fuel, oxygen, nitrogen and wa- ter (including vapor in the air too) measured under various equivalence ratios, including a motoring condition. Naturally, there is no scattering from the fuel in the case of motoring, and scattering is observed only from the water vapor (equivalent to the humidity) and the oxygen and nitrogen molecules. In contrast, as the equivalence ratio gradually becomes richer, the intensity of the scattered light from the fuel steadily becomes stronger. On the other hand, the intensity of the scattered light from the oxygen and nitrogen molecules does not change. The air/fuel ratio can be determined by finding the ratio of the peak intensities between these molecules.
The correlation between the air/fuel ratio obtained from the injected air and fuel and the ratio of the Raman scattered light intensities was found to be nearly equal to 1 written on right side of Fig. 8 . Figure 9 compares the air-fuel ratios measured by Raman scattering and by LIF under three different measurement times such as 60, 50 and 40 BTDC. Open sign and closed sign belongs to Raman results and compensated LIF results, respectively.
The measured results are compared at different crank angles, from 30 to 10 deg. BTDC, i.e., different temperature and pressure level. The difference between the two sets of results is less than 7% on average. And the tendency of air fuel ratio when the injection timing is retarded, it becomes richer and it's tendency is similar to the previous data shown in Fig. 6 obtained by IR-Abs. Method. It can be concluded that the compensated LIF values are at a level that allows quantitative discussion. Based on these results, an attempt was then made to analyze the thirdgeneration spray-guided process quantitatively.
Characteristics of Spray-Guided Concept
While preparation of the fuel spray in the center of the combustion chamber naturally requires effective coordination with the ignition timing, it is necessary to ignite a gaseous-phase spray. As will be discussed later, such a spray has a narrow ignitable range. Figure 10 shows time histories of the air-fuel ratio obtained at two arbitrary points in a spray injected from directly overhead. As is evident from the figure, the air-fuel ratio time histories are different at the two points. Point 1 is close to the one of six sprays from the injector and it touched the periphery of the spray at 14 degree BTDC. Point 2 locates far from the injector center and the position is above the edge of a shallow bowl on the surface of the piston crown. An ignitable air-fuel ratio is seen at Point 1 right after injection at 12 deg. BTDC (1st orange circle), but it soon becomes overly lean and then again returns to a combustible air-fuel ratio at 3 deg. BTDC (2nd orange circle). In other words, ignition is possible at two different times. The first time is for the spray of the spray-guided process and the second time is for the wall-guided spray that transits the bowl in the piston crown. Spray with high fuel pressure of 20 MPa has a strong penetration and its shows the turnaround behavior after the collision against the piston crown surface. In Fig. 10 , on the other hand, at Point 2 outside the spray, only the wall-guided spray that transits the piston crown bowl is ignitable at 9 deg. BTDC(which is shown in blue circle). The behavior of this spray that transits the piston crown bowl is also due to penetration of highpressure spray under the pressure of 20 MPa. This penetration makes the mixture upward from the edges of the shallow bowl provided in the piston crown. Finally, both of the points show the air fuel ratio of about 15.0 in violet circle. This means that the flame can well propagate under this value of mixture prepared near the spark. This value is ideal for ignition and combustion but timing is too late for the best thermal efficiency. If this equivalence ratio value of approximate 1 is prepared before TDC timing properly, the combustion is carried out under ideal air fuel ratio mixture. Figure 11 shows the stable combustion region of the three generations of mixture formation concepts. The figure indicates how much time elapses before the formation of an ignitable mixture following the end of injection. It is also seen that the stable combustion region differs for all three generations. The stability of the combustion was judged by the cycle variation of indicated mean pressure Pi value below 5%. In the case of spray-guided process in particular, the region of stable engine operation is narrow and separated, even if ignition occurs right after injection. Grade solid line means that injection end timing and ignition timing is same. The gap between each zone and solid line means that ignitable mixture is prepared just after the end of injection or not. Every concept locates above this Wall-guided concept shows the biggest area and the elapse time is longest and its tendency is similar with airguided concept. But the air-guided concept shows the earlier injection timing. Because the penetration of spray increases under advanced crank angle. To prepare the mixture near the spark gap, this concept is restricted by the spray penetration and assistance by the strong tumble flow is also necessary. Best fuel consumption point in the area is most advanced among these concepts. But it is relatively too advanced for better thermal efficiency. Wallguided concept is not so terrible, but the time for mixture preparation of ignitable mixture also too long.
In the case of spray-guided process in particular, the region of the stable engine operation is narrow if ignition occurs right after the injection and the region indicated in figure are separated. Close to the grade line is defined by the similar timing of injection and ignition and it belongs to spray-guided concepts characteristics. Another area belongs to wall-guided concept. A little bit wider region of stable operation can be obtained by injection of the spray that returns after transiting the piston bowl, which results in a stable combustion region similar to that of the firstgeneration wall-guided process.
This suggests that the mixture formation concept invariably changes depending on the engine load and speed conditions. In other words, if a gaseous-phase spray can be prepared quickly and touch the spark gap, surely, an ideal mixture formation concepts can be accomplished to facilitate stratified-charge combustion without having to select certain engine operating conditions, i.e., load and engine speed.
Conclusions
( 1 ) Laser applied techniques such as PIV, LIF, IRAbsorption method are used to understand the flow, spray and mixture preparation process of three kind of stratification concepts such as wall-guided, air-guided and sprayguided concept in Direct Injection Gasoline (DIG) Engine. Each method facilitated to know the roll of flow field, spray and combustion chamber configuration for aiming at the stratification of mixture in combustion engine.
( 2 ) Raman scattering was used to compensate the quantitative accuracy of air-fuel ratio measurements obtained by LIF. In other words, this non-intrusive measurement approach makes it possible to quantify the air-fuel ratio at any arbitrary location in the combustion chamber and provides a guideline for determining the combustion concept. This no-intrusive method has strong effect on the spray-guided concept because the interaction between this spray and spark plug electrodes is very delicate. An intrusive method is not suitable for measuring the air-fuel ratio in this process.
( 3 ) An investigation was made of the differences in the stratification process of the mixture formation concepts used in three generation of direct injection gasoline engine. As a result, it was found that the optimum combination of fuel injection and ignition timings differs for each concept. The roll of flow field and combustion chamber communication is strong in wal-guided concept. The roll of flow field is also stronger in air-guided concept. Therefore, both concepts have a restriction for stratification because they strongly depend on the flow field. But it fundamentally changes from cycle to cycle under wide driving condition. This demerit restricts the operation range of stratification driving. But spray-guided concept does not have a concrete demand for flow field. Spray must always aim at the electrodes, directly.
( 4 ) The spray-guided process includes elements resembling the wall-guided concept and pure spray-guided concept. Both of them provide a stable combustion region, but it has rigorous requirements for fuel atomization and mixing with the air. This requirement gets weaker in the quasi-wall guided behavior. When the spray returns after the collision with the piston crown surface, this spray prepares the gas phase mixture in the vicinity of spark plug and its return position is controlled by the edge of shallow bowl worn in piston crown surface. But pure spray-guided concept can operate just after the injection end and this performance will make it possible to operate wider engine speed and load condition without strong restriction of flow field and combustion chamber configuration. Finally, it is thought that the true benefits of central injection coupled with a spark plug depend on those fuel spray requirement and on the fuel spray quality.
